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The degree and onset of fragmentation in multipole storage assisted dissociation (MSAD) have
been investigated as functions of several hexapole parameters. Strict studies of hexapole
charge density (number of ions injected) and hexapole storage time were made possible by
placing a pulsed shutter in front of the entrance to the mass spectrometer. The results obtained
show that the charge density is the most critical parameter, but also dependencies on storage
time, radio-frequency (rf) -amplitude, and pressure are seen. From these data, and from
simulations of the ion trajectories inside the hexapole, a mechanism for MSAD, similar to the
ones for sustained off-resonance irradiation (SORI), and for low energy collisionally induced
dissociation in the collision multipole of a triple quadrupole mass spectrometer, is proposed.
It is believed that, at higher charge densities, ions are pushed to larger hexapole radii where
the electric potential created by the rf field is higher, forcing the ions to oscillate radially to
higher amplitudes and thereby reach higher (but still relatively low) kinetic energies. Multiple
collisions with residual gas molecules at these elevated energies then heat up the molecules to
their dissociation threshold. Further support for this mechanism is obtained from a compar-
ison of MSAD and SORI spectra which are almost identical in appearance. (J Am Soc Mass
Spectrom 2000, 11, 210–217) © 2000 American Society for Mass Spectrometry
Mass spectrometric analysis of large, biologicalmolecules such as peptides, proteins, carbo-hydrates, and nucleic acids has become an
established and widely used method in the past decade
[1–8]. The success has been due to the introduction of
soft ionization techniques, mainly matrix assisted laser
desorption ionization (MALDI) [9] and electrospray
ionization (ESI) [10]. Using these techniques, the fragile
and nonvolatile biomolecules can be ionized and
brought into the gas phase without fragmenting, and
their molecular mass can be determined with superior
accuracy. However, an accurate mass measurement of
such complex molecules is in most cases not a unique
fingerprint. Their design, consisting of basic building
blocks that can be combined in a large variety of ways,
results in the possibility of different molecules having
very similar, or exactly the same, mass. In such cases,
dissociation of the biomolecular ions is desired since
fragment masses, or mass differences between frag-
ments, give structural information which more specifi-
cally define a particular molecule.
Several methods for accomplishing dissociation have
been successfully implemented on various mass spec-
trometers. First, fragmentation can be achieved prior to
injection into the instrument using partial acid hydro-
lysis [11–13] or enzymatic digestion [14]. Second, disso-
ciation can be induced in the intermediate pressure of
the atmosphere–vacuum interface of an electrospray
ionization mass spectrometer, so called nozzle–skim-
mer fragmentation [15]. Third, tandem mass spectrom-
etry (MS/MS) approaches where a parent ion is isolated
from a mixture and then dissociated inside the mass
spectrometer are available. On triple quadrupole or
hybrid quadrupole/time-of-flight (TOF) instruments,
MS/MS is accomplished by selection at the first quad-
rupole, followed by collisionally induced dissociation
(CID) [16] inside the second quadrupole/multipole,
operated in the radiofrequency (rf)-only mode at an
elevated pressure. CID at high (keV) energies is used on
magnetic/electric sector instruments where the parent
ion is selected by a magnetic field, and CID is per-
formed inside a collision cell. On MALDI-TOF instru-
ments, post-source decay (PSD) [17] is a convenient
method because the molecular ions originally have high
internal energies. Here, precise parent ion selection can
be accomplished by high resolving power ion gates [18].
Fourth, surface induced dissociation (SID), where ions
are impacted onto a surface, has been implemented on
several kinds of mass spectrometers [19–21]. Finally, in
instruments where the ions are stored inside a volume,
such as quadrupole ion traps or Fourier transform ion
cyclotron resonance (FTICR) mass spectrometers, ultra-
violet (UV), photodissociation [22], infrared multipho-
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ton dissociation (IRMPD) [23], black-body infrared ra-
diative dissociation (BIRD) [24], and electron capture
dissociation (ECD) [25, 26] are other successful exam-
ples of dissociation techniques.
Recently, an additional technique taking place
within the atmosphere–vacuum interface of an ESI
FTICR mass spectrometer, multipole storage assisted
dissociation (MSAD), has been described by Sannes-
Lowery et al. [27]. In this method, an extended accu-
mulation of molecular ions inside an rf-only hexapole
was shown to result in fragmentation [27]. The authors
propose that the effect is due to rf heating inside the
hexapole, combined with charge catalyzed proton mi-
gration [27]. This postulate is supported by the obser-
vation of an apparent charge density dependence, as
well as a dependence on the electrostatic characteristics
(which define the depth of the potential well) of the ion
reservoir [27]. Further support is obtained from a de-
pendence of the onset of fragmentation on analyte
concentration [27]. However, the measurements re-
ferred to above are limited by the fact that two param-
eters were varied simultaneously. In that experimental
setup, the hexapole accumulation time was varied
while continuously electrospraying, and thus continu-
ously filling the ion reservoir, meaning that both the
storage time and the charge density were changed.
Here, the use of an electrospray ion source with a
pulsed shutter in front of the entrance to the mass
spectrometer is described. This setup allows the num-
ber of ions stored in the hexapole to be varied indepen-
dently of the storage time. The effects of these two
phenomena, studied in separate experiments, are pre-
sented. From these results, a mechanism for MSAD is
proposed. The credibility of this mechanism is tested by
simulating the ion behavior inside the rf-only hexapole.
Also, the effects of the rf amplitude, as well as the
pressure in the hexapole region, are investigated. The
use of a shutter for studying the effect of hexapole
charge density independently of hexapole storage time,
and an investigation of the pressure dependence, are
also described in a recent paper by Sannes-Lowery et al.
[28]. Our results are compared with their findings.
Experimental
The MSAD effect was studied using melittin as a test
substance. The peptide was purchased from Sigma
(Stockholm, Sweden) and used without further purifi-
cation. A 10 mM solution in 1:1 v/v methanol and water
with 0.5% acetic acid was prepared. All mass spectra
were acquired on a high-field (9.4 tesla) Bruker Dalton-
ics (Billerica, MA) BioApex-94e FTICR mass spectrom-
eter equipped with four different external exchangeable
ion sources: electron impact ionization/chemical ion-
ization, secondary ion mass spectrometry (SIMS), a
MALDI source, and an Analytica (Branford, CT) elec-
trospray ion source. Parts of the electron impact and
MALDI sources were used in the MSAD experiments
(see below). Molecular ions were generated using a
hybrid electrospray ion source consisting of a syringe
infusion pump (ATI Orion, model Sage 361), a
grounded home-built sprayer, and the Analytica atmo-
sphere–vacuum interface (see Figure 1). The home-built
sprayer is constructed from a stainless steel capillary
with an inner diameter of 0.1 mm. Neither nebulizing
gas nor drying gas is used. A cap with a 0.5 mm hole
(intended for nanospray operation) is also attached to
the atmospheric pressure side of the glass capillary
defining the entrance to the mass spectrometer (Figure
1). This setup allows a much smaller sample consump-
tion than the Analytica source. Samples are applied
from the spraying end of the electrospray needle, a
procedure which eliminates dead volume, as opposed
to the Analytica source where samples are applied from
the far end of a 20-cm long capillary connected to a
tubing of varying length, which gives a dead volume of
1.5 mL (capillary volume) plus the volume of the tubing.
The home-built sprayer also tolerates lower flow rates.
In the experiments described here, 0.3 mL/min was
used. The shutter for regulating the amount of charged
droplets entering the glass capillary, and hence the
number of ions injected into the rf-only hexapole, is
shown in Figure 2. The construction of this device, as
well as its benefits, have been described elsewhere [29].
The opening/closing of the shutter is controlled by a
pulsewidth modulated servo which is steered by a
TTL-regulated switch. The shutter is closed by default
and the opening time, tinject, is set using the Bruker
XMASS software with a modified pulse program on the
Silicon Graphics O2 workstation running the mass spec-
trometer. The modified pulse program is described in
Table 1. The rf amplitude of the hexapole could be
varied between 50 and 350 V after connecting a poten-
tiometer to the circuit defining the rf voltages. An
adjustment of the high voltage rf output capacitors of
the resonating circuit was necessary in order to retain
stability at lower voltages. The normal amplitude set-
ting is 300 V at a frequency of 5.3 MHz. A pressure
increase in the hexapole region was accomplished by
leaking in gas (air from the room) through a tube
connected to the liquid–gas interface for electron im-
Figure 1. The electrospray ion source used in the MSAD exper-
iments. A home-built sprayer and a cap with a 0.5 mm hole are
combined with the Analytica atmosphere–vacuum interface, in-
cluding a glass capillary, a skimmer, and an rf-only hexapole.
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pact or chemical ionization. This interface is intended
for use together with an outer flange holding an elec-
tron gun, but when using the flange holding the atmo-
sphere–vacuum interface for electrospray ionization, it
is located just above the hexapole. In order to get an
idea of the pressure increase near the hexapole, an
additional vacuum gauge was installed at the connec-
tion for the MALDI probe. Also MALDI is run with
another outer flange but when using the electrospray
flange, the probe position is just beside the hexapole.
All mass spectra resulting from the different experi-
ments described above were averaged over 16 scans.
Results and Discussion
Charge Density Dependence
Employing the shutter, ions are accumulated inside the
hexapole during tinject, which is the time when the
entrance to the spectrometer is open. After tinject, the
shutter is closed and the collected ion population can be
stored inside the hexapole for another time period,
defined as tstore, before being transferred into the ICR
cell (see Table 1). Under normal operating conditions
when the shutter is not used, ions are continuously
injected and accumulated during tstore. The total charge
density (number of ions) accumulated in the hexapole
each cycle of the experimental sequence was varied by
changing tinject. In order to avoid any effect of the total
accumulation time, defined as the sum of tinject and
tstore, this sum was kept constant (equal to 5 s) during
the measurements. Melittin mass spectra obtained at
three different ion injection times are shown in Figure 3.
At tinject 5 1 s, which is a typical value for tstore under
normal operating conditions, no fragmentation is ob-
served. At tinject 5 2 s, a clear fragmentation pattern is
starting to arise, and after an injection time of 4 s the
intensity of the quadruply protonated parent ion, which
is the most abundant under “soft” conditions, is down
at noise level and instead high intensity fragments are
seen. Also the triply protonated parent ion is almost
gone at tinject 5 4 s. The observed fragments mostly
correspond to doubly protonated y ions [30] which are
marked with their corresponding numbers in the figure.
Also, a few b ions [30] are observed.
The intensities of the melittin molecular ions (14,
13, and 12), as well as of four characteristic fragments
(y13
12, y15
12, y17
12, and y19
12), as functions of the injection
time are shown in Figure 4. The quadruply protonated
molecular ion intensity increases slightly from tinject 5
0.5 to 2 s, which can be explained by a larger ion
ensemble being accumulated in the hexapole and
thereby injected into the ICR cell. At injection times of
2 s or more, the intensity of this ion decreases drasti-
cally and comes down to noise level at tinject 5 3.5 s.
The triply protonated molecular ion shows a similar
behavior, increasing up to around tinject 5 2 s and then
starting to decrease. At tinject 5 2 s, the fragments also
start to appear, in correlation with the disappearance of
the triply and quadruply protonated molecular ions.
The doubly protonated molecular ion shows a behavior
different from the other molecular ions, similar to the y
fragments its intensity increases with the injection time.
This phenomenon can be explained by proton strip-
ping, occurring in parallel to fragmentation.
The results for melittin presented here are in perfect
agreement with similar experiments performed by
Sannes-Lowery et al. for an oligonucleotide [28].
Storage Time Dependence
The total ion storage time within the hexapole was
varied by changing tstore at a constant tinject. Two
Figure 2. The shutter mounted in front of the entrance to the
mass spectrometer. The opening time of this shutter defines the
number of ions injected into the hexapole. When using the shutter,
the charge density in the hexapole can be varied independently of
the storage time.
Table 1. Experimental pulse program for MSAD. The electrospray ion source is always on. Under normal operating conditions,
when the shutter is not used, the third step is omitted and ions are collected in the hexapole during tstore
Events (in chronological order) MSAD parameters
1. Emptying the hexapole of unwanted ions.
2. Emptying the ICR cell of unwanted ions.
3. Opening the shutter, which means starting to collect ions in the hexapole. tinject, the time the shutter is open.
4. Closing the shutter.
5. Storing the collected ions in the hexapole. tstore, a delay.
6. Transporting the collected ion ensemble into the ICR cell.
7. Excitation of ions to a larger cyclotron radius, followed by detection.
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different experiments were performed; one at an ion
injection time where no fragmentation was observed in
the study discussed above (tinject 5 1 s), and a second
one at an ion injection time where fragmentation was
present (tinject 5 2.5 s). The first experiment resulted in
spectra which had the same appearance independently
of tstore, up to storage times as long as 30 s (data not
shown). The same result was obtained by Sannes-
Lowery et al. for the oligonucleotide mentioned above
[28]. The second experiment on the other hand showed
a tstore dependence. A plot of the intensities of the
melittin molecular ions and the four chosen fragments
is shown in Figure 5. At the shortest storage time (0.001
s), the quadruply protonated melittin molecular ion
dominates the spectrum, although a clear fragmenta-
tion pattern is also present. When increasing tstore, the
relative intensities of the ions change: the molecular ion
decreases and the fragments increase in intensity. The
effect is clear but not as strong as a change in charge
density, where fragmentation could be either com-
pletely eliminated (short injection times), or total (injec-
tion times above 3.5 s).
Suggested Mechanism for MSAD
The results reported above show that MSAD is primar-
ily a charge density phenomenon. However, at a con-
stant hexapole charge density where fragmentation is
present, a dependence of the degree of fragmentation
on the hexapole storage time, although less pro-
nounced, is also shown.
In order to unravel what is happening inside the
hexapole, an increase in charge density is first consid-
Figure 3. Melittin spectra obtained after ion injection times of 1 s
(A), 2 s (B), and 4 s (C). The degree of fragmentation is strongly
influenced by this parameter. Most of the observed fragments
correspond to doubly protonated yn ions, where the values for n
are marked in the figure.
Figure 4. Intensities of melittin molecular ions and of four
characteristic fragments as functions of ion injection time. The
total storage time in the hexapole, defined as the sum of injection
time and storage time, was kept constant during the measure-
ments.
Figure 5. Intensities of the quadruply protonated melittin ion
and of four characteristic fragments as functions of hexapole
storage time. The ion injection time was 2.5 s.
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ered. At a larger charge density, ions should be pushed
to larger radii due to the repulsive Coulomb forces
between the charges. At larger radii, the electric poten-
tial created by the rf field should be higher, forcing the
ions to oscillate radially to larger amplitudes and
thereby reach higher kinetic energies. Collisions with
residual gas at these higher energies could then explain
the fragmentation. The pressure in the hexapole region
is 7 3 1026 mbar which corresponds to a mean free
path (in the hard sphere model) for melittin of around
10 cm, assuming a cross section of 1000 Å2. At an
average velocity of around 800 m/s (corresponding to
an average kinetic energy of 10 eV), thousands of
collisions happen during the time frame of 1 s. A
mechanism similar to the ones for sustained off-reso-
nance irradiation (SORI) [31] inside the trapped ion cell
of an FTICR mass spectrometer, and for low energy CID
inside the collision multipole of a triple quadrupole
mass spectrometer, can be envisaged. In SORI, multiple
collisions at low energy (,10 eV) during a time frame of
0.5 s or longer heat up the molecules to their dissocia-
tion threshold [31]. The cell pressure in SORI is around
1026 mbar. For a similar MSAD mechanism, the ion
energies inside the hexapole at large charge densities
should be low. In order to estimate these energies,
simulations of the ion trajectories inside the hexapole
were performed (see below). If MSAD is a collisionally
induced phenomenon, the dependence on hexapole
storage time can also be explained because a longer
storage time involves more collisions.
Simulations of the Ion Trajectories Inside the
Hexapole
The electric potential around the central axis of an ideal
hexapole can be written
U 5 Vrf@cos~vt!/r
3#~ x3 2 3xy2! (1)
where Vrf is the amplitude and v is the frequency of the
rf signal applied to the hexapole rods [32]. r is the
radius of the inscribed circle formed by the rods and x
and y are Cartesian coordinates in the plane perpendic-
ular to the axis of the hexapole [32]. The force driving
the radial oscillations of an ion in the electric field inside
the hexapole can be written as
Fx 5 2›U/› x
Fy 5 2 ›U/› y (2)
This force is also equal to mass times acceleration
according to Newton’s second law, and after taking the
first derivatives of the potential with respect to x and y,
the following equations of ion motion are obtained:
d2x/dt2 5 23@Vrf cos~vt!/mr
3#~ x2 2 y2!
d2y/dt2 5 6[Vrf cos~vt!/mr
3] xy (3)
Ion velocities, from which kinetic energies can be cal-
culated, were obtained by numerical integration of eq 3.
Results for the quadruply protonated melittin molecu-
lar ion at some values of x and y are shown in Table 2.
The inscribed radius of the hexapole is 1.2 mm. At a
radius above 0.7 mm, the simulated ion trajectories
collide with the hexapole rods. 0.7 mm can therefore be
regarded as an upper limit for stable ion motion.
Because no significant decrease in total ion signal is
observed after MSAD, it is assumed that the ions
oscillate at radii less than 0.7 mm. The values given in
the table are extreme values meaning that the average
ion energy does not increase drastically at larger radii,
in accordance with the mechanism proposed above.
Comparison to SORI and Nozzle–Skimmer Spectra
An MSAD melittin spectrum obtained after an ion
injection time of 2.5 s is shown in Figure 6a. This
injection time was chosen because both molecular and
fragment ions are present at high intensities. The y13
12,
y15
12, y17
12, and y19
12 fragments are marked in the figure. A
SORI spectrum of the same molecule is shown in Figure
6b. Here, the amplitude of the off-resonance excitation
field was chosen as low as possible in order to restrict
the collision energies to low values. In the SORI exper-
iment, the quadruply protonated melittin molecular ion
was chosen as the precursor. After fragmentation, the
triply protonated melittin ion is present indicating that
proton stripping is occurring (as was seen in the MSAD
experiments above). Also, intense fragments are seen,
where y13
12, y15
12, y17
12, and y19
12 are the dominant ones. The
fragmentation pattern is very similar to MSAD, includ-
ing the relative intensities of the observed fragments.
The intense y13 fragment corresponds to cleavage of the
peptide backbone on the N side of a proline residue,
which is known to be a favorable site in collisionally
induced fragmentation [33].
A comparison to nozzle–skimmer fragmentation was
also performed. Such a spectrum is shown in Figure 6c.
At a capillary voltage of 250 V, the intensity of the
quadruply protonated melittin molecular ion is drasti-
cally reduced. The most intense fragment is y13 also in
this case, but for the other fragments the pattern is
different compared to MSAD and SORI. The y17
12 and
y19
12 appear at higher relative intensities after nozzle–
Table 2. Kinetic energies of the quadruply protonated melittin
molecular ion at different radii (x and y coordinates) inside the
rf-only hexapole. The energies were calculated from velocities
obtained from simulations of the ion motion inside the hexapole
x (mm) y (mm) r (mm) Kinetic energy (eV)
0.1 0.1 0.14 ,10
0.1 0.5 0.51 ,20
0.5 0.1 0.51 ,40
0.5 0.5 0.71 ,60
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skimmer dissociation. Also, the y16
12 and y18
12, which are
present at very low intensities after MSAD and SORI,
are of similar intensities as y15
12, y17
12, and y19
12. However,
the most pronounced effect in nozzle–skimmer dissoci-
ation seems to be proton stripping. The triply and
doubly protonated melittin ions, which were present at
moderate intensity (13), and absent (12) under milder
conditions (50 V), dominate the spectrum.
Radio-Frequency Amplitude Dependence
From the expression for the electric potential between
the hexapole rods (eq 1), it is seen that the amplitude
and frequency of the rf signal should influence the ion
behavior. A change of the rf amplitude was rather easy
to accomplish (see above), whereas a change in fre-
quency required larger modifications to the electronics.
Accordingly, only the influence of the first parameter
was studied. However, when changing the rf signal, the
ion storage capability of the hexapole might also be
altered. Because MSAD is strongly dependent on the
charge density inside the hexapole, the onset parame-
ters might also change. In order to investigate the
storage capability, the rf amplitude was first lowered at
an ion injection time where fragmentation was not
present (1 s). From this experiment, it was found that
the intensities of the melittin molecular ions remained
constant in an amplitude interval from the normal
setting of 300 V down to 200 V. At lower amplitudes,
the signal intensity started to decrease. A study of the
MSAD behavior as a function of rf amplitude is shown
in Figure 7. The ion injection time was 3 s and the rf
amplitude was not lowered beyond 200 V. At 300 V, the
fragments dominate the spectrum and only a tiny
molecular ion signal is observed. When decreasing the
amplitude, the fragment intensities decrease and the
molecular ion signal becomes the dominant peak. This
behavior is consistent with the proposed mechanism
because the electric potential experienced by the ions at
a certain hexapole radius should be lower at a lower rf
amplitude and thereby result in less energetic radial
oscillations.
Pressure Dependence
The suggestion that MSAD is a collisionally induced
phenomenon implies that there should also be a pres-
sure dependence. A study of the degree of MSAD as a
function of the pressure in the hexapole region is shown
in Figure 8. The pressure was increased by leaking in air
from the room, because that is the origin of the rest gas
normally present. A noticeable effect on total signal
intensity was seen with a substantial ion loss at the
higher pressures. This ion loss made it difficult to
achieve good statistics and the pressure curve is not as
reliable as the other data presented above. It was also
difficult to vary the pressure in small steps which
means that a limited number of data points was ob-
Figure 6. Comparison of melittin spectra obtained after MSAD
(A), SORI (B), and nozzle–skimmer fragmentation (C). Doubly
protonated yn ions are marked with their corresponding n values.
Figure 7. Intensities of the quadruply protonated melittin ion
and of four characteristic fragments as functions of rf amplitude.
The ion injection time was 3 s.
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tained. In order to get an idea of the pressure
influence on the degree of MSAD, despite the ion
loss, relative intensities are plotted. The intensity of
the quadruply protonated melittin molecular ion
present in the same spectrum was used for normal-
ization. The resulting curves show that both frag-
ments and the doubly protonated melittin ion in-
crease relative to the quadruply protonated ion when
the pressure increases. A similar result was obtained
by Sannes-Lowery et al. for an oligonucleotide [28].
These observations further support the idea of a
collision based mechanism.
Conclusions
The experiments presented and discussed previously in
this article show that hexapole charge density is the
most important parameter for the degree and onset of
MSAD. The observed dependencies on hexapole stor-
age time, rf amplitude, and pressure can all be ex-
plained by a mechanism involving multiple collisions
with residual gas at elevated, but still relatively low
(,20 eV), energies. The increase in ion kinetic energy is
explained by the repulsive forces between the ions,
pushing them to larger hexapole radii when the charge
density increases, which forces them to oscillate radi-
ally to higher amplitudes due to the experienced
higher electric potential, and thereby reach higher
energies. Support for low energy collisions are ob-
tained from the simulations of the ion motion inside
the hexapole and also from the comparison to SORI
spectra, which are found to be almost identical to the
ones obtained with MSAD.
Advantages of MSAD compared to other collision
based fragmentation methods are the ease by which it is
induced, with no requirements for additional collision
gas or excitation fields. Compared to nozzle–skimmer
dissociation, which also is easy to accomplish, the
fragment yields are in most cases higher and low
energy dissociation pathways seem to be emphasized.
The obvious drawback is that no parent ion isolation is
possible in the present experimental setup which means
that pure samples are required. However, in such a
case, MSAD is both simpler and more efficient than
SORI.
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